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Ground sculpting to enhance energy yield of vertical bifacial solar farms
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The prospect of additional energy yield and improved reliability have increased commercial interest in bifacial solar
modules. Recent publications have quantified the bifacial gain for several configurations. For example, a
standalone, optimally-tilted bifacial panel placed overflat ground (with 50% albedo) is expected to produce a
bifacial energy gain of 30% (per module area). In contrast, self and mutual shading in a farm with periodically
spaced panels reduces the bifacial gain to 10-15% (per farm area). Bifacial gain is negligible for vertical arrays —
although the configuration is of significant interest since it can prevent soiling. Here, we calculate the bifacial gain
of a solar farm where vertical arrays are placed over sculpted/patterned ground. We conclude that vertical panels
straddling (upward) triangle-shaped ground maximizes the energy output. Also, based on a calculation of location-
specific worldwide energy-yield map, the output gain of the optimum vertical panels with up-triangle ground
configuration (with 50% albedo) compared to a traditional tilted monofacial design, i.e., the bifacial gain is (i) small
up to20° latitude, (ii) increases to 50% 40° latitude, and (iii) reaches up to 100% @®° latitude. Overall, high

bifacial gains are observed in many regions particularly those with moderate to low clearness index. The enhanced
output, along with reduced soiling loss and lower cleaning cost of the ground sculpted vertical bifacial (GvBF) solar
farm could be of significant technological interest, especially in regions such as the Middle East and North Africa
(MENA) susceptible to significant soiling losses.

1. Introduction and background panels, up to a 25% bifacial gain is reported for panels in
Cairo and Oslo (albedo 0.5) [6], a 30% gain is observed in
Monofacial panels are the most commonly used paneAmsterdam (albedo 0.5) [7], and a ~30% gain in New Mexico
configuration in today’s photovoltaic (PV) industry. Recentfor panels over high albedo (white boards) [8]. The bifacial
trends, however, show a steady increase in the share @hin, therefore, may not be as high as anticipated in the
bifacial panels in the PV market, and ITRPV also predictgarliest studies.
further increases in the market share of bifacial PV over the The analysis of large solar farms consisting of periodic
next decade [1]. This prediction is not universally acceptedrrays of bifacial panels is even more complex due to mutual
since bifacial PV is typically more expensive. Unless bifaciakhading among the panels [10]-[13], as well as periodic
power gains can offset any additional module costs, thground shadowing [14], [15]. For instance, our recent work
technology would have a higher levelized cost of energyl5] showed that, for optimally designed farms, the vertical
(LCOE). bifacial solar farm produces 10-30%ss energy compared to
Allowing light to be captured from both faces to create aan optimum monofacial farm. Although tilting the bifacial
‘bifacial’ panel dates back to the early 1980s [2]-[4]. Lugue emodule does improve the yield [14], the attractive soiling-
al. [2] demonstrated one of the earliest bifacial solar cells withesistant property of vertical farm is lost. It has been shown
n*-p-n* transistor-like structure. Later, the same groupnumerically [16] as well as experimentally [17] that highly
predicted 50% [3] and 59% [4] gain using bifacial cells fortilted panels are expected to accumulate dust at lower rates.
two separate panel configurations. For example, Cugivels  Lower soiling translates into longer cleaning cycles, better-
[3] showed ~50% gain in bifacial output is possible,integrated energy yield, and lower cleaning costs.
compared to a monofacial panel. However, this analysis Given the relatively small bifacial gain for vertical farms,
requires painting the ground white and strategically placingne might consider resurrecting the ideas of Cuewak (in
white wall nearby to obtain such high gains. A more recenthe context of the solar farms) to improve the energy output of
detailed numerical analysis by Sanal. [5] predicts that the the bifacial solar farms. Recall that Cueetial. [3] obtained
optimally placed bifacial panel over a flat ground will havehigh bifacial gains by increasing the backside reflection from
energy gain of only 10% for an albedo of 25% (e.g.a white vertical wall. This configuration may be viewed as a
concrete). For artificially-treated ground with albedo 50%cleverly-designed low-concentration bifacial PV. Indeed,
(e.g., white concrete), the bifacial gains can be 30%. Theshere have been several designs and studies focusing on low-
results agree with various independent calculations publishesbncentration for conventional PV [18]-[20] and bifacial PV
in recent years [6]-[9]. Specifically, vertical standalone panelsystems [21]-[23]. Reflectors and concentrator structures
yield more energy than monofacial panels anywhere on eartietween horizontal bifacial modules have been proposed and
for albedos above 0.35 [9]. For optimally tilted bifacial experimentally tested [24]. A concentrating photovoltaic-
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thermal system using compound parabolic concemteatd a
vertical bifacial panel has been shown to providbaaced
electrical and thermal energy output [25]. A recgmdy [23]
experimentally demonstrated a comparison betwesgnafhd
parabolic reflectors for tilted bifacial panels. Wan now
adapt these ideas for ground sculpting to vertluédcial
farms.

In this paper, we combine the idea of low conceiatnaPV
with vertical bifacial PV by artificially sculptinthe ground to
enhance albedo collection on the two faces of #reep We
have developed a model to analyze arbitrarily stiapeund
between periodic arrays of vertical panels. Theardiliand
seasonal variations of sun path and solar illunonagre
accounted for using our previously developed mddél.
Our analysis predicts that, among various confitjoms,

ground mounted vertical bifacial panels with upward (a)

triangular ground shapes maximizes annual energg.yi-or
an effective albedo reflectance Bf~50%, we observe that
the designed bifacial PV farm in most cases yiehdse than
a monofacial farm. In fact, at locations with lodearness
index (higher diffuse light), the bifacial gain Fgher; for
example, at latitudes @0° and 60°, the gains are ~50% and
~100% respectively. Whil®,~50% can be seen for white
concrete, artificially designed white roofing foimn have

R, > 80% [26]. As discussed earlier, the reduced cleaning

cost of the typical vertical bifacial solar farmB{w) on flat
ground may be offset by the subpar annual yieldth@rother
hand, our proposed ground sculpted vertical bifas@ar
farm (GvBF) will yield more energy than the monaéc
farm, in addition to the reduced cleaning cost. Omeast
balance the additional gain of energy with the tdidal cost
of ground-sculpting to assess its viability.

2. Numerical model.

In our numerical model (see Fig. 2 for a summanyg,
obtain the irradiance values from a NASA meteormaly
database [27]. The irradiance data and the pangly ar
configuration are then used to find the light iritl on the
panel faces and the ground. Light scattered fraargtound is
partially collected by the bifacial panels. An étexal model
for the panel then calculates the energy outputesponding
to the collected sunlight. The hourly output isegnated to
predict the annual yield. The calculation invol@eson-trivial
generalization of the view-factor method that hbeen used
for flat-ground solar farm energy-yield calculatonEach
calculation step is discussed in further detailswe

2.1. Solar Data:

The daily average meteorological NASA data [27]
combined with the clear-sky model from Sandia [28]
calculate minute-by-minute variation of Global Humntal
Irradiance (GHI orl;y,;), Direct Normal Irradiance (DNI or
I,), Diffused Horizontal Irradiance (DHI otbg), solar
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azimuth angleyg, and solar zenith ang®,, for any location
in the world. The decomposition of GHI into DNI abBdHl is

based on Orgill and Hollands model [29], which lesely

comparable to several other empirical models abiilan the
literature [30]. Further details are provided inr oprior

publications [5], [15]. The use of NASA meteorologli data
ensures a statistically average estimate of GHis @lata can
be readily be replaced by weather station dataredigtive

model GHI data [31], and our rest of the PV-farmdeilo
(discussed below) will calculate the correspondintar farm
output.
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Fig. 1. East-West facing vertical bifacial panalagrare shown. (a)
shows the general configuration with vertical paaghy elevated
above arbitrarily shaped periodic ground patte)-(d) shows the
flat ground (G1), upward triangle (G2), and downdvaiiangle (G3)
shaped ground between the vertical panels, respécti (e)

Collection of albedo as a fraction of normally ohent direct light is
compared for the different ground shapes.

2.2. Panelsand array configuration:

In this paper, we consider an array of verticallpcpd
bifacial panels facing East-West (E-W). Conventlynahe



ground is kept horizontal and flat, as shown in. Hig(b).
However, intuitively, we expect additional albeddlection if
the ground is sculpted. In general, the panels lbeaglevated
over arbitrarily patterned ground (as shown in Fig(a)).
Since the vertical panel array is periodic, theug pattern
should be periodic (and symmetric) as well. Fomepie, Fig.
1(b)-(d) shows the flat ground, upward triangle,dan
downward triangle shaped ground patterns betwees f
panels. As we will see later, ground-mounted (izero
elevation) panels on upward triangle-shaped gropaitiern
G2 in Fig. 1 (c) is close to the optimal configimat

In early mornings and late afternoons, shadows lmashe
sun are longer, which can create mutual shadingvemt
neighboring rows. Such non-uniform illumination meguse
a reverse breakdown in series-connected cells. ¥¢enae
three bypass diodes sub-dividing the panel to nizgnthe
adverse effect of non-uniform illumination [32],cafind the
relevant output at the maximum power point. We di n
include the effect of maximum power point trackensd
inverters [33] on the farm output for this study.

2.3. Direct and diffused insolation collection (view factor
method):

As the panels are E-W facing, it is straightforwamod

calculate the angle of incidence (A@") or 8(®) between
the direct solar beam and the front (or back) fafcéhe panel
[15]. Assume that the panels are fixed at an eiewat, from
the ground and arranged in an array as shown in¥&. If
the reflection, efficiency under normally incideditect light,
and efficiency under diffused light for front

[R(6),n®, )] and back surfaces are all known, we can

find the power generated per panel area at heigist follows
[15]:

T Saim @ = [1 = R(6P)]n®1, cos6®), z > shadow ()
5 (F) _
I pycairr) (@) = Naige [aite X Faz—siy] (@)

Here,F,,_sky is the view factor from a pointon the panel to
the unobstructed sky. The power contribution frareat and
diffused sunlight does not depend on the panektontd
distance, nor the shape or reflectivity of the gigbgassuming
it does not cast shadows on the panels).

In general, a view factoF,_g represents the fraction of
radiation collected by surfad® emitted from surfacd. The
expressions for the view factors used in this paper
straightforward and can be found in prior literat(it5], [34]
or textbooks [35].
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Fig. 2: Calculation flow for determining the outpmftground sculpted vertical bifacial PV (GvBF)far

2.4. Albedo from diffused sunlight (view factor method):

To calculate the collection of diffuse sunlight \aébedo
reflection, we first find the amount of diffuse $ight
collected on the sculpted ground under the PV aithgn we
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can assume the light reflected by the ground seassa
source for the panels to collect. The amount ofudéd
illumination hitting segmenAs on the sculpted ground can be
written as:

3)

Igna:qiee(s) = laie X Fas—sky(S)



Here, Fas_sky (s) is the view factor from the segmefst at

For the problem of an array of periodic verticdbs@anels

positions on the ground to the unobstructed part of the skymounted on or elevated above the ground, we asthanh¢he

We can now write the corresponding albedo collectio the
panels (front face) as follows:
Tg/)(Azb:diff) (@ = ngi?f Z [RA Igna.qifr(s)As Fzg)—As] )

s

Here,F(g)_As is the view factor from position on the panel to
the ground segment. The contribution from adjaqentods
in the array is small; we therefore only consider ¢ollection
of light from ground to panels within the relevaetiod.

2.5. Albedo from direct sunlight (radiosity method):

The configuration shown in Fig. 3(a) can, in gehetdave
any arbitrarily sculpted ground—however, we restriwr
analysis to cases when the sculpted ground doesasbiany
additional shadow on panels. Diffuse ground reitectan be
accounted for using view factor analysis. Howevarthe
presence of multiple diffuse surfaces, multipldeetfons can
occur, which can be accounted for using ray tra¢d%j. The
radiosity method is used to trace diffuse reflawidrom
multiple surfaces in an enclosure. This techniga® it basis
in computing heat transfer between diffuse surfacesn
enclosure [35] as well as rendering images in cderpu
graphics [36]. Here, we provide a brief summary toé
method. The radiosity is defined as the total epdegving a
surface area with diffuse reflection property. amenclosure,
the radiosityb; of an element of indekis computed using the
following equation:

5
bi =ijb]Fﬂ+el, ( )
J

wherep; is the diffuse reflection of each element. In ),
the initial reflection from an element of indéxs e; = p;H;,
whereH,; is the initial solar irradiation received on thegnd
element. The view factor between surface elements
accounts for multiple reflections between surfamedosed.

In an enclosure withv surface elements, eq. (5) can be
translated into the matrix equation

B = (I - pF)~'E, (6)

where BT = [b; b, -+ by], ET =[e, e, - ey]. The view
factor matrix F contains the mutual view factors between
elements involved in the enclosure, with self-viéactors
F;; = 0, since all elements are assumed to be locally flat

It is worth mentioning that the radiosity compuatiin its
form in eq. (6) is computationally expensive in ge.
However, for the problem in hand, with a few suefac
involved, each can be decomposed into a finite rermdf
elements. The accuracy of the solution is well-rzined
with a minimal number of segments, without the needse
the progressive refinement approach [37].
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ground and the panels are infinitely extended ia dinection.
Thus, the corresponding view factors can be siroplyputed
using the crossed-strings method [35]. A single epais
assigned a single index and zero reflectivity while ground
is decomposed into a number of segments havinghbata
reflectivity R. Hence, the normalized fractional power
received on a single panel due to direct albedeatdn is the
first element of the vecto® = FB. The calculation is
performed for both the front and back surfaceshef panel.
Hence, the power generated by reflected direcighintan be
written as:

T;?(Azb:dir) (2) = Ug;f)f Ugir X P(1)]. (7)

In principle, elevated panels above the groundaserican
receive albedo light reflection from all exposedni® on the
ground. However, the view factors between a givamepand
a ground segment will decrease considerably wiaisgion
[38]. Hence, a good first order approximation isctmsider
two periods of the full array. This arrangementiépicted in
the bottom left of Fig. 2.
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Fig. 3: (a) Vertical bifacial panel array place@atedy, from an
upward triangular ground. (b) Daily yield (per laaka) of the solar
farm (with y, = 0) as a function of ground triangle heightand
array periodp. (c) Daily yield (per land area) is shown as acfion

of the panel elevatiory,. The values ofr and periodp are co-
optimized at eacly,. The calculations are for Washington DC (Sept.
22).

Elevation, Yo (m)

The shadow of the panel on the ground changes tivéh



solar elevation angle. Over the course of the daly ground
regions exposed to sunlight provide direct albeeftection.
In some situations, an adjacent panel or a sculgtednd
segment can partially block the light reflectedtbg ground,
thus reducing the view factor between ground segsnand
the panel. These situations are all computed dirdfuthe
model.

Similar calculations will result in the illuminaticcollection
components for the back face as well. All the ligbliection
components by the panel faces are now used to astim
hourly panel output (assuming 3 bypass diodes p@elp
based on the analytical approach in Ref. [32]. eladt of
individual panel output, we focus on the farm yidlick.,
output per land area). The diurnal results aregnatied to
obtain monthly and annual farm yield.

The model described above can calculate the alligbib
collection from an arbitrarily curved surface. Thearved
surface is symmetric around the center of the pettiee to the
vertical panel array configuration. Therefore, afirgt-order
estimate, using Hottel's crossed string rule [3%§, see that
the curved surface can be replaced by two strdigés. For
example, a periodic upward hemispherical groundepat
would be equivalent to the upward triangular gropadtern.
That is why, for the rest of the paper, we will discon
triangular ground shapes shown in Fig. 1 (c, d).

3. Optimization of a ground-sculpted solar farm.

Here, we wish to answer three questions: (i) Igethen
optimum ground pattern? (ii) Given the pattern, tvsathe
optimum period for the panel array? (iii) What iropement,
if any, can we expect from the optimized panelyitra

Consider the three ground patterns shown in Filg)-@):
the flat ground, upward triangle, and downward nigia,
labeled G1, G2, and G3, respectively. When theisenactly
normal to the ground (e.g., noon at the equatbgtet is no
shading on the ground from the direct light. In fsua
scenario, the albedo light collection as a fractiéhe direct
light is shown for various albedd;. As expected, for the flat
ground G1 shown in Fig. 1(b), the fractional albeddection
increases linearly witlR,. At R, = 1, the light collection is
limited by both the view factor from the groundttee sky,
and the view factor from the panel face to the godror the
downward triangle G3 in Fig. 1 (d), the fractiorelbedo
collection is worse than G1 in Fig. 1 (b) B < 1. This is
because some light bounces between the mutuallinéac
ground regions, which incurs loss from each bouhdg, <
1. Finally, the upward triangle G2 shown in Fig. d) {s
shaped to reflect the light primarily towards trenel faces,
and as seen in Fig. 1(e), G2 showsl5% increase in
fractional albedo collection compared to the tiifiat ground
G1.

Now that we know we want to choose the up-triangle|_|owever
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ground shape for better output, we need to optinthme
‘ground sculpted vertical bifacial PV farm’ desigBiven a
specific panel size (widtth =1 m), the parameters that
define this PV farm are: period of panel array panel
elevation from groundy,, and the height of the ground
triangler as shown in Fig. 3(a).

Fig. 3(b) shows the integrated output of a given (&ep.
22) in Washington DC foy, = 0. The line marked- =0
corresponds to the conventional flat ground coeststvith
our prior work [15]. The daily yield per land aréas an
optimum periodp. For smallp, mutual shading quickly
degrades the output. And, at largerthe panels miss a large
fraction of light hitting the ground.

Next, as we increase the heighof the triangular ground,
essentially tilting the ground towards the pandier¢éby
steering the albedo light mostly towards the pdaets. As a
result, we observe that the output increases amaeveaser.
However, ifr is increased beyonid/2, the ground would cast
a shadow on the panels, reducing the output dreatlsti
Therefore, for ground-mounted panels (i.g, = 0), the
triangular ground height can at most be half theepaize,
i.e.,r = h/2—and, as discussed above, this will also result in
the highest possible output with optimized peripd In
general, we would choose= y, + h/2 for panels fixed at
elevationy,.

Finally, we need to optimizg,. As we increasey,, the
‘viewing angle’, i.e., view factor between a pafede and the
illuminated part of the ground reduces, therebyucary the
albedo collection. Moreover, with increasing,, larger
regions of the ground are exposed to each others Th
increases light scattering in between the groundddsimilar
to the ground shape G3 in Fig. 1 (d)] and increasastering
loss on the ground. We conclude that ground mogntin
(vo = 0) the panels are the best choice for this configuma
On the other hand, as seen in the literature [B], the
standalone tilted bifacial panels collect more débkght with
increasedy,. The monotonic decrease in output with is
specific to vertical bifacial panel array. Our expdtion is
also supported by a detailed numerical analysisveho Fig.
3(c), indicating a monotonous decrease in dailjdy&sy, is
increased. In this pldip, r)-pair is optimally chosen for each
value ofy,.

To summarize, we can set, =0, r=~h/2and then
optimize periodp to maximize yearly yield. The optimum
value of p will depend on the location on earth and the
weather (i.e., clearness index).

4, Energy yield at a specific latitude.

Let us now focus specifically on various locatiamsearth
at latitude40°N. At a given latitude, sunlight travels through
the same thickness of atmosphere (air mass). Ekigts in
the same terrestrial insolation under a clear ssumption.
as the sky clearness is different at wario



longitudes, we observe variation in GHI, DNI, anHIDeven The GvBF (withR, = 0.5) shows an exceptional advantage
at the same latitude. We compare the yearly yiélground  over vBF as well as monofacial farm. As shown ig. Fi(b),
sculpted vertical bifacial PV farm (GvBF, Fig. 1))c the GvBF shows up to 50% gain in output compared to
conventional vertical bifacial PV farm (vBF, Fig.(t)), and  monofacial farm, especially in cloudy regions (Idw,). A
optimally tilted south-facing monofacial PV farm fig. 4.  closer observation of earth’s map and Fig. 4(ajcatés that
We assume an extra 10% loss in output due to goitinthe  k;,, > 0.6 occurs primarily over oceans. Therefore, at all
tilted monofacial panels; in practice, the soililogs can be locations of interest (i.e., land), GvBF yields Hég output
considerably higher [39], [40For example, a study in Egypt than monofacial farms.
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PV farm configurations as a function of clearnesiek (at latitude ratio of annual yields of GvBFR(; = 0.5) vs. monofacial farm, and
40°N) are shown in (c). The vBF solar farms with flabgnd and  of vBF-1 (R, = 0.3) vs. monofacial farm are shown by solid and
R, = 0.3 and 0.5 are indicated as vBF-1 and vBF-2, eetely. dashed lines respectively. The monofacial farmudes a 10%
The output gain observed in GvBF compared to athefigurations ~ soiling loss. The shaded regions along with thedinepresent the
are shown in (b). (a) shows the longitude locatiomsesponding to  spread in data for various longitudes. (b) A woittevannual yield
the clearness index values at latitd@éN. ratio of GvBF vs monofacial solar farm is shown.

The integrated annual yields of the various PV farm5. A World map of energy yield.
(optimized) are shown in Fig. 4(c). In all casestpot
increases with annual mean clearness indexas the input 5.1. Energyyield and bifacial gain:
GHl is high at higherkr,. For monofacial PV, we assume 1 analyze if the large improvement in GVBF outgegn at
10% output penalty due to higher soiling compacedettical 5 |atitude 0f40°N is common elsewhere, we perform a world-
panels. There is a 15% or more loss in output of wth  \\ije comparative study of vBF, GVBF, and monofaam
typical ground albedo reflectia®, = 0.3 (the earth’s average (see Fig. 5). The VBF farm with flat ground afg = 0.3
albedo) compared to the monofacial PV farm. Evethd (marked VBF-1) vields less than monofacial farm %10
albedo is increased #®, = 0.5 by covering the ground with  giling loss assumed) for most locations worldwide,seen
artificial material, the vBF cannot exceed or maftle  py the dashed line in Fig. 5(a). This is consisteith prior
monofacial farm. literature [15]. The GVBF farm output is much higliean the
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vBF farm, and comparable to or higher than the rfamial
farm. The annual yield ratio between GvBF and maoiai
farms is shown by the solid line in Fig. 5(a). T8f@ded plot
represents the spread in data for various longituBeom the
solid line in Fig. 5(a), we observe that: (i) atvkr latitudes
(< 20°), GVBF output is comparable to that of a monoflacia
farm, (ii) for latitudes beyon@0°, the GvBF consistently
yields more energy than the monofacial farm. Iri,fance we
analyze the shaded plot (i.e., output variationsdidferent
longitudes), we see that there are several locatewen for
latitudes< 20° where the GvBF output is the highest.

Closer to the equator and for low latitudes, the-gath is
less tilted, the sunlight is predominantly direethd the
optimal tilt of the panels are close to horizontalven these
facts, it is trivial to predict that monofacial siid be the
better choice for these locations. As we move tghéi
latitudes, the gain from GvBF consistently incresagst high
latitudes ¢60°), the GvBF produces a factor of two higher
energy (~100% gain) compared to the monofacial farm
Finally, a more detailed picture of GvBF to monddaoutput
ratio is shown in Fig. 5(b), which is a global map the
results from Fig. 5(a).

5.2. Explaining the high bifacial gain:

At higher latitudes, the sun stays lower in the, skyd the
fraction of diffuse light typically increases. Tleetwo factors
explain the improvement in bifacial gain as followsSor
clarity, we will discuss the energy gains in thertkdern
hemisphere only; of course, similar consideratials® apply
to the Southern hemisphere.

First, the optimal tilt for the monofacial panelwieases
with latitude, to face the highly tilted path ofetlsun. As a
result, longer shadows are cast to the North, émlbedn
winter. The spacing among South-facing monofacéieps,
therefore, must increase to minimize shading
Consequently, we lose sunlight on the ground in reem
when the shadow is shorter. In contrast, long sivado the
North do not affect the East-West facing verticalnis
discussed here. The difference in the shadowisg is the
first reason why vertical farms produce signifidgntnore
energy than the monofacial farms.

Second, a monofacial panel collects less diffugiet [fon its
single collection face) as it is tilted at a highemgle. In
contrast, bifacial vertical panels remain equalfie@ive in
collecting diffuse light at any latitude. Therefpras the
fraction of diffuse light increases at higher ladies, the
collection of sunlight by monofacial panels decesas
compared to bifacial panels. In fact, the intergt@yween the
sun-path and the diffuse light on monofacial vsrtival
bifacial panels are complicated, but been discussdétail in
our prior work (see Section 3.4.1 in ref. [15]).

Note that the enhanced output of bifacial farmso als
requires closer packing of bifacial modules. Therefa cost-
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benefit analysis must carefully weigh the increasegrgy
yield against the need for additional modules.

The ground pattern for the GvBF solar farm would be
artificially sculpted, and the ground material manot
necessarily be natural (grass or sand). Althoughctoose
R, = 0.5 for our artificial material, un-weathered white
roofing membranes may hawy ~0.88 [26]. With time, this
reflectance would decrease; howewy,= 0.5 could still be
a conservative estimate with occasional maintenf2tje

5.3. Sources of variability in the analysis:

Finally, we realize that there will local varialyliaround
the average yield predicted so far during the foakt
implementation of the GvBF systenkirst, the NASA
meteorological databased used for the studiesisnpmper is
monthly insolation data averaged over 22 years.|&Vihiis
provides a statistically relevant result, a mortaiied minute-
by-minute insolation data will provide a locatiopesific
accurate prediction. Recent calculations show thith
rigorous angle-dependent DHI, the model on avediffers
from the field measurement only by a few perces¢® (Table
1 in [5]). Second, our view factor model does not consider
angle-dependent diffuse light collection. Our prnigna
estimates suggest that the final result based ensiimpler
isotropic model versus the angle-dependent modrsliby
only a few percent. Therefore, we anticipate a gagretement
with the overall experimental results and the olera
conclusions in the paper. As field results becowslable, a
more rigorous modeling effort would be justifiethird, the
optimal geometrical configuration of the PV arragyrhave
variations during installations. A closer studytbé data in
Fig. 3(b) shows that 10% variations pnand/orr results in
less than 5% variation in outpuourth, we have assumed
uniform ground reflectancg,. We also did not consider the
spectral distribution oR,. Spectral variations, however, lead

losseso ~5% variation (e.g., for white sand) in the cédted

energy output, as discussed in prior literaturg.[41
6. Summary and Conclusions.

In this work, we presented a numerical model for ou
proposed vertical bifacial panel array, elevated tepecified
height upon intentionally patterned ground. In staryn
1. A vertical bifacial solar farm (vBF) is of interedte to its

reduced soiling and cleaning costs. However, acalpi

vBF over flat ground severely underperforms comgdoce

monofacial solar farms. Despite other advantaghs, t

reduced energy yield is a major hurdle to flat-gqubwBF

adoption. Thus, we proposed a novel ground paitterne
vBF (GVBF) configuration to significantly enhanceeegy
output. The optimum GvBF is simple enough for pradt
implementation, and the yield is predicted to saspthe
conventionally tilted monofacial solar farms.

2. To analyze the proposed GvBF configuration, we rekel



our prior vBF model in a non-trivial manner. Ourwne Science Foundation Award EEC 1454315 — CAREER:

calculation method uses a combination of view-faetad  Thermophotonics for Efficient Harvesting of Wasteat as

radiosity methods to include the effects of direectd Electricity, the Department of Energy, under DOE
diffused sunlight, albedo, and the correspondiradsivs  Cooperative Agreement No. DE-EE0004946 (PVMI Bay
for elevated panel array and ground patterningifernew  Area PV Consortium), and the NCN-NEEDS program unde

solar farm configuration. Contract 1227020-EEC.

3. The model was applied to co-optimize panel spacing,

elevation and ground shape for maximum annual yielcSupplementary material

We found an optimum condition is achieved whenigakt

panels of sizen are placed on the ground (no elevation) The following tabulated data are provided as supplgary

with the ground sculpted into an upward trianglétgga  materials. These files include information for anofacial

with heighth/2. farm (no soiling), a vertical bifacial farm (albe@ad3), and a
4. Using a ground material with an effective albeditemgion ~ ground sculpted vertical bifacial farm. Each farrashits

R, = 0.5, the optimal ground sculpted vertical bifacial PV period optimized to maximize annual yield. The 6ft the

farm (GvBF) yields more energy than the monofafain ~ monofacial panels are a function of latitude, s#¢45].

in most locations worldwide, particularly in cloedi TableS1_Yield data.xlsx : Annual yield of the solar farms

regions. For example, at latitud@°N, the bifacial gain of ~per land area (kWhi?)

GVBF over the monofacial farm is 30-50% for cloudy TableS2 arrayPeriod_dataxlsx : Optimum array period

regions (clearness indé, < 0.45) and diminishes for (normalized by the panel sizg of each of the farms.

more clear-sky regions.
5. The optimized GvBF energy yield has been companed t

the conventionally tilted monofacial solar farmg fall References

locations worldwide. In fact, compared to the optm  [1]
monofacial farm, the GvBF has 50% and 100% more
annual energy output at latitudé®® and60° respectively, [2]
in regions with somewhat cloudy skigs - < 0.45).

Here, we have focused on vertical bifacial panetyar, [3]
which can have much less soiling than tilted mocieda
panels. In our analysis, we have assumed an e@¥asbiling
loss for the tilted monofacial panels. This valuge riot
absolute for all practical situations—it will vawith the local [4]
soiling rate as well as the cleaning cycle—and lsarmuch
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especially, but not only, in moderately to highlgwdy
locations.
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